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Glucokinase (GK, EC 2.7.1.2), a member of the enzyme family of hexokinases, has been shown
to be linked to maturity-onset diabetes of the young type II (MODY-2). Although nucleotide
and amino acid sequence information are available for the human varieties, they are not
known for the variety from Bacillus stearothermophilus, which is often used in protein binding
studies. Here, a combination of electrospray Fourier transform mass spectrometry (FTMS) and
infrared multiphoton dissociation (IRMPD) is used to obtain accurate molecular weight and
preliminary amino acid sequence information for the protein. Electrospray FTMS provides
evidence of a solution phase dimer. In addition, dithiothreitol reduction shows no shift in
high-resolution isotopic distributions, indicating a probable absence of disulfide bonds in the
protein. The partial sequence information obtained from IRMPD could be the basis for creat-
ing a DNA probe for the protein. (J Am Soc Mass Spectrom 1998, 9, 1222–1225) © 1998
American Society for Mass Spectrometry
Glucokinase (GK, EC 2.7.1.2), a high-Km hexoki-nase, has been shown to be important both as aglucose sensor in the b-cells of the pancreas and
in controlling glucose metabolism in the liver [1–3]. The
idea of GK acting as a glucose sensor has been reaf-
firmed by the identification of over 30 polymorphic GK
genes in families with maturity-onset diabetes of the
young type II (MODY-2), a form of early onset domi-
nantly inherited non-insulin-dependent diabetes melli-
tus [4–6]. Although nucleotide and amino acid se-
quence information are known for the human GK
varieties, there is no known sequence for the most
widely available GK (from Bacillus stearothermophilus)
often used in protein binding studies [7]. In addition to
being commercially available, this variety is thermally
stable, has only one known isozyme, and has a lower
predicted molecular weight (;34 kDa vs. 50 kDa) than
most mammalian GK varieties, making it an excellent
model for structural studies. Size exclusion chromatog-
raphy showed the possibility of GK existing as a dimer,
and all cysteines were reported to exist as free thiols [8].
Recently, McLafferty et al. have shown that electro-
spray ionization (ESI) coupled with Fourier transform
ion cyclotron resonance mass spectrometry (FTMS) is
an extremely powerful technique for characterizing
proteins with molecular weights above 10 kDa [9]. The
FTMS analyzer is well known for its high mass resolv-
ing power, high mass accuracy, and multistage tandem
mass spectrometry capabilities [10, 11]. Tandem mass
spectrometry analysis of peptides and proteins has
recently started to replace or augment traditional auto-
mated N-terminal Edman sequencing, with its high
speed of analysis, high sensitivity, ease of handling, and
its low consumable cost. Multiple stages of mass spec-
trometry can be done within several minutes, requiring
picomole (or lower) quantities of sample [12], with little
sample clean-up and negligible consumable costs. This
contrasts with modern Edman sequencers which re-
quire picomole samples, run for ;35–50 min/amino
acid, with a $3–$4/amino acid consumable cost [13].
Furthermore, mass spectrometry sequencing is not
stopped by blocked N-termini, as are automated se-
quencers. Here, we report preliminary efforts to char-
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acterize and sequence the primary amino acid structure
of GK (B. stearothermophilus) using the “top–down”
sequencing approach of McLafferty et al. via infrared
multiphoton dissociation (IRMPD) [14]. The top–down
approach applies successive fragmentation steps to
break a sequence down into smaller and smaller pieces,
which can then be identified. The approach is most
successful when complementary pairs (two fragments
whose mass add up to the mass of the parent ion) are
created, so that the position of the fragmentation can be
determined. Unfortunately, for large proteins the size of
GK, such as Carbonic Anhydrase (29 kDa) and Creatine
Kinase (43 kDa), low-energy dissociation techniques in
the gas phase typically produces bond cleavages at
;10%–20% of the amide bonds (74 of 259 residues in the
case of Carbonic Anhydrase [15] and 44 of 380 residues
in the case of Creatine Kinase [16]), insufficient for
complete sequence information. Nonetheless, tandem
mass spectrometry of such large proteins can, in many
instances, provide short segments of amino acid se-
quence which may be useful in constructing cDNA
probes for gene sequencing. Here, we report the first
use of IRMPD with FTMS to obtain such information
from a protein of completely unknown sequence.
Materials and Methods
GK (Sigma, EC 2.7.1.2) was dissolved in HPLC-grade
water, and desalted using centrifugal filtration with a
5000 NMWL Millipore ULTRAFREE-MC microcentri-
fuge filter (low-protein-binding regenerated cellulose
membrane) (Sigma, St. Louis). The protein solution was
collected from the membrane and diluted to make a 50
mM stock solution (assuming a MW of 35 kDa) from
which a 10 mM protein solution in 79:19:2% methanol:
water:acetic acid was prepared for ESI-FTMS. To test
for the existence of disulfide bonds in the protein, a
second solution containing 55 mM dithiothreitol, a
reagent known for reducing disulfide bonds, was pre-
pared [17].
All GK samples were analyzed using external ion
accumulation on the 9.4 tesla FT-ICR instrument at the
National High Magnetic Field Laboratory in Tallahas-
see, FL [18]. Details of this instrumentation are de-
scribed elsewhere [19], with the addition here of a 40 W
Synrad CO2 laser (10.6 mm). The laser beam is directed
down the axis of the magnetic field through a BaF2
window. No optics were used to focus the beam. Both
the power and pulse length are controlled via the
Odyssey data station. For all IRMPD experiments, the
laser power was set to 32 W for 150 ms.
Results
High Resolution Mass Measurement
The high resolution electrospray FTMS spectrum (Fig-
ure 1) shows the 19–361 charge states of GK centered
around the 271 charge state. When the mass-to-charge
ratio scale of the spectrum was expanded, additional
peaks corresponding to cation adducts (e.g., sodium
and potassium) were observed. The IR laser was used at
very low power (4 W, 100 ms irradiation) to heat the
protein and remove the adducts [14], leaving the clean
isotopically resolved spectrum shown in the Figure 1
inset. The reciprocal of the distance between two
cleanly separated isotopic peaks yields the charge state
[20]. In order to obtain an isotopic distribution for
neutral GK, the neutral masses of all charge states
showing good peak shape (i.e., minimal peak splitting,
27–311) were determined from the isotopic pattern of
the multiply charged ions themselves. The isotopic
patterns for each of these were then overlaid to create
an overall isotopic pattern [21]. The most abundant
isotopic nominal mass for GK is at 32,441 6 2 Da [16]. It
has been shown that for proteins of this size, the
average molecular weight falls within 61 Da of the
most abundant isotope peak [9]. The procedure was
repeated using GK protein reduced by dithiothreitol;
the most abundant nominal molecular mass also ap-
peared as 32,441 Da with a similar isotopic distribution
(data not shown). This preliminary evidence would be
strengthened with the modification of the free thiols by
iodoacetamide which is currently being investigated in
our laboratory. The absence of disulfides would be
consistent with all GK protein sequences in the SWISS-
PROT Database, Release 32 [22], as well as with the
work of Hengartner and Zuber [8]. In the original work
of Hengartner and Zuber [8], size exclusion chromatog-
raphy indicated the presence of a dimer around 67 kDa.
The high resolution spectrum (Figure 1) shows a series
of peaks between the charge states of the protein
monomer. By truncating the data set prior to Fourier
transformation (from 512 K to 128 K data points), the
signal-to-noise ratio can be increased while decreasing
resolution, as shown in Figure 2 [23]. The lesser abun-
dant peaks midway between two abundant peaks for
GK monomer, shown expanded (Figure 2 inset), are
likely the odd charge states of the GK dimers brought
Figure 1. High resolution ESI-FTMS of GK. The inset shows the
isotopic peaks of the 271 charge state of the GK monomer.
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from the solution phase into the gas phase, because it is
exceedingly unlikely that two such highly charged
species could be dimerized in the gas phase following
ESI due to coulombic repulsion [24]. The even charge
states of the dimers are hidden below the prominent
even and odd charge states of the monomers.
IRMPD
Initial MS/MS of the 261 charge state produced .50
unique product ions (Figure 3). The neutral masses
were determined for each of these from the following
equation:
Neutral mass 5 (ionic mass)
2 (number of charges) 3 (mass of H1) (1)
and ordered in a spreadsheet based on the most abun-
dant isotopic peak determined from experiment. Be-
cause this variety of GK is of unknown sequence (hence,
composition of each product ion is unknown), it was
necessary to estimate which isotopic peak should be the
theoretically most abundant. Here, the amino acid,
averagine, C4.9384H7.7583N1.3577O1.4773S0.0417, developed
from an analysis of a large series of proteins by Senko et
al. was used to model the isotopic distributions for the
fragments in question [25]. The molecular weight of
averagine, 111.1254 Da, was used to calculate the num-
ber of averagine residues in each fragment. The isotopic
distributions of the model compositions were simulated
using the Bruker XMASS software (64 K points and
100,000 resolution).
From this analysis, a series of product ions was
identified in Figure 3 (from mass differences) that could
correspond to a series of amino acids (Table 1): AG(I/
L)G; no directionality from the C- or N-terminus is
implied. However, since the sequence is unknown,
Figure 2. High resolution ESI-FTMS of GK, including evidence
of dimers (dots). The inset shows the odd charge states of the
dimers in between the charge states of the monomers.
Figure 3. MS/MS ESI-FTMS of GK. The 261 charge state of GK
was isolated and fragmented using IRMPD. Each group of related
fragments have the charge state shown, with a symbol above the
identifying fragment denoting its neutral mass (diamond 5 7798.0
Da, star 5 7727.0 Da, box 5 7670.0 Da, cross 5 7556.9 Da,
triangle 5 7499.8 Da).
Figure 4. MS3 ESI-FTMS of GK. The 261 charge state of GK was
isolated and fragmented using IRMPD. The 61 charge state
product ion at m/z ;1300 was further isolated and dissociated
with the laser to create the second generation product ions seen
here. The inset shows an example of the isotopically resolved
peaks of the product ions. Each group of related fragments have
the charge state shown, with a symbol above the identifying
fragment denoting its neutral mass (diamond 5 7798.0 Da, star 5
7727.0 Da, box 5 7670.0 Da, cross 5 7556.9 Da, triangle 5 7499.8
Da).
Table 1. Selected product ions generated from nonselective
dissociation of all GK charge states
Charge states
(isotopic peak)a
Neutral mass
(Da)
Mass difference
(amino acid)
5, 6, 7 (4) 7798.0
271.0 (A)
5, 6, 7, 8 (4) 7727.0
257.0 (G)
5, 6, 7, 8 (4) 7670.0
2113.1 (I/L)
5, 6, 7, 8 (4) 7556.9
257.1 (G)
5, 7, 8 (4) 7499.8
aTheoretically most abundant 13Cn isotopic peak.
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further tests were necessary to help strengthen the
argument that the product ions corresponding to the
neutral masses listed in Table 1 are in fact because of a
consecutive sequence of amino acids. MS3 of the partic-
ularly abundant product ion (61) at m/z ;1300 was
performed in order to test this hypothesis. This ion was
isolated in the FTMS trap using stored waveform in-
verse Fourier transform (SWIFT) [26] and dissociated
using IRMPD (Figure 4). All fragments produced were
isotopically resolved. The peaks from the MS3 spectrum
were converted to neutral masses using eq 1 and
ordered in a spreadsheet, with the theoretically most
abundant isotope determined from the averagine model.
The fragment ions generated in the MS3 spectrum
confirmed the initial assignments generated in the
MS/MS data (Table 2).
Interestingly, a similar series GIGA comprises resi-
dues 61–64 of GK from S. coelicolor, a variety with a
molecular weight similar to GK from Bacillus stearother-
mophilus [27]. The size of the ;7800 Da ion would be
consistent with an N-terminal fragment containing
60–70 amino acids, suggesting sequence homology
comparisons may be quite valuable in the tandem mass
spectrometry sequencing.
Conclusion
The combination of IRMPD and ESI-FTMS has pro-
vided a short sequence of amino acids in GK. This data
are necessary for a DNA library search (for GK from
Bacillus stearothermophilus) if the cDNA sequence be-
comes available. In addition, this sequence information
could be used to construct cDNA probes needed in
determination of the complete amino acid sequence. GK
proved to be a poor example for top–down sequencing
in that no complementary pairs were created. This
made positioning the fragments within the protein’s
structure very difficult. The nominal molecular weight
of 32,441 6 2 Da provides a more accurate molecular
mass over 34,500 Da reported using SDS-PAGE [8].
These results provide additional support that there are
no disulfides present in the protein, and that a solution
phase dimer exists and can be detected by ESI [8].
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Table 2. Selected product ions generated from MS3 product
ion spectra
Charge states
(isotopic peak)a
Neutral mass
(Da)
Mass difference
(amino acid)
5, 6 (4) 7798.0
271.0 (A)
5, 6 (4) 7727.0
257.0 (G)
5, 6 (4) 7670.0
2170.1 (I/L)G
5, 6 (4) 7499.8
aTheoretically most abundant 13Cn isotopic peak.
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